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Abstract A 20 month cloud condensation nucleus concentration (NCCN) data set from Graciosa Island
(39∘N, 28∘W) in the remote North Atlantic is used to characterize air masses with low cloud condensation
nuclei (CCN) concentrations. Low-CCN events are defined as 6 h periods with mean NCCN < 20 cm−3

(0.1% supersaturation). A total of 47 low-CCN events are identified. Surface, satellite, and reanalysis data
are used to explore the meteorological and cloud context for low-CCN air masses. Low-CCN events occur
in all seasons, but their frequency was 3 times higher in December–May than during June–November.
Composites show that many of the low-CCN events had a common meteorological basis that involves
southerly low-level flow and rather low wind speeds at Graciosa. Anomalously low pressure is situated to
the west of Graciosa during these events, but back trajectories and lagged SLP composites indicate that
low-CCN air masses often originate as cold air outbreaks to the north and west of Graciosa. Low-CCN events
were associated with low cloud droplet concentrations (Nd) at Graciosa, but liquid water path (LWP) during
low-CCN events was not systematically different from that at other times. Satellite Nd and LWP estimates
from MODIS collocated with Lagrangian back trajectories show systematically lower Nd and higher LWP
several days prior to arrival at Graciosa, consistent with the hypothesis that observed low-CCN air masses are
often formed by coalescence scavenging in thick warm clouds, often in cold air outbreaks.

1. Introduction

Cloud condensation nuclei (CCN) influence the radiative budget of the Earth through their activation to cloud
droplets, the concentration of which (Nd) is a key determinant of cloud effective radius and therefore cloud
optical thickness and albedo [Boers and Mitchell, 1994]. In many regions, the CCN concentration (NCCN) has
increased considerably over the industrial period [Isaksen et al., 2009] and is thought to have led to an increase
in cloud albedo, but the magnitude of the radiative forcing (RFaci) from aerosols via these aerosol-cloud
interactions is highly uncertain [Intergovernmental Panel on Climate Change, 2013]. Theoretical and modeling
results show that the change in albedo associated with an increase in CCN is dependent not only upon the
CCN perturbation but also upon NCCN in the unperturbed state [Carslaw et al., 2013]. This is both because the
albedo of a cloud with a very low Nd is more susceptible to Nd increases than is the albedo of a cloud with a
higher unperturbed Nd [Platnick and Twomey, 1994] and also because the relationship between NCCN and Nd

is concave [Martin et al., 1994; Ramanathan, 2001; Hudson et al., 2010]. These arguments support the notion
that albedo responses are strongly sublinear to emissions [Carslaw et al., 2013], although there are conflicting
results regarding this degree of sublinearity [Ghan et al., 2013]. Nevertheless, both Carslaw et al. [2013] and
Ghan et al. [2013] demonstrate that a large fraction of the uncertainty in RFaci can be attributed to uncertainty
in the aerosol state of the preindustrial environment.

Recent studies have questioned the extent to which the present-day aerosol environment is pristine, i.e.,
unperturbed by anthropogenic impacts and therefore representative of preindustrial conditions. Andreae
[2007] argues that unperturbed regions may be difficult to find in the Northern Hemisphere (NH), even over
the oceans, and observational evidence at remote marine locations provides some support for this [Hudson
and Noble, 2009; Clarke et al., 2013] . Hamilton et al. [2014] quantified the degree of pristineness by using prein-
dustrial and present-day emissions in two simulations of a global model, forced with identical meteorology,
to identify the fraction of days on which low-altitude NCCN in the preindustrial and present day differ by more
than 20%. Over the NH oceans, their results indicate very few days that are pristine by this metric. Curiously, the
few pristine days that do occur over the NH oceans in their model occur in summertime, when observations
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suggest higher NCCN than during winter [Wood et al., 2015]. There is not necessarily a conflict here, however,
because low concentrations are not, by themselves, necessarily indicative of pristineness. That said, it is rea-
sonable to imagine that in many instances, low NCCN is likely to be indicative of a lack of pollution aerosol.
Further, as it is not possible to observe the preindustrial aerosol environment directly, it seems important to
devote attention to low-CCN environments and the processes controlling them.

Observations from many marine boundary layers (MBLs) show that there is a large degree of spatiotemporal
variability in NCCN and Nd in the MBL [e.g., Martin et al., 1994; Heintzenberg et al., 2000; Miles et al., 2000; Allen
et al., 2011]. The causes of this variability remain poorly understood, particularly the extent to which sources
or sinks control the variability. During certain meteorological conditions it is clear that precipitation-driven
removal of cloud droplets (and hence CCN) can dramatically reduce CCN concentrations over mesoscale
regions [Wang et al., 2010; Terai et al., 2014; Berner et al., 2013; Goren and Rosenfeld, 2015], which can intro-
duce considerable temporal and spatial variability. Theoretical and modeling studies [e.g., Feingold et al., 1996;
Mechem et al., 2006; Wood, 2006] demonstrate that coalescence scavenging, i.e., the removal of cloud droplets
by collision-coalescence, is a key mechanism for CCN removal from the MBL. Observational evidence also
supports this [Hudson et al., 2015]. Some studies argue that this mechanism may be important for explain-
ing land-ocean CCN contrasts [Baker and Charlson, 1990] and geographical variability of time-mean NCCN over
oceans [Wood et al., 2012]. Further, it is clear that the rate of loss of NCCN by coalescence scavenging increases
strongly with the availability of liquid water [Feingold et al., 1996; Wood, 2006]. Coupling these findings with
the observed dependence of precipitation rate on cloud liquid water path (LWP) and cloud thickness [e.g.,
Comstock et al., 2004; VanZanten et al., 2005], it has been shown that MBL-averaged loss rates from coalescence
scavenging are approximately proportional to the square of the LWP (or the fourth power of cloud thickness),
such that CCN rates are negligible for LWP < 50 g m−3 but become comparable to surface and entrainment
CCN sources for LWP ∼ 100 g m−3 and are dominant CCN sinks (∼100 cm−3 day−1) for LWP > 200 g m−3

[Wood, 2006].

There has been little systematic study of low-NCCN conditions to explore the factors controlling CCN variabil-
ity in the clean MBL. We know that catastrophic reductions in CCN can occur and that these can help drive
cloudiness transitions in the tropical and subtropical MBL, e.g., closed to open mesoscale cells [Berner et al.,
2013]. There is evidence of similar behaviors in midlatitudes [Wood et al., 2015], and very low Nd concentra-
tions (<20 cm−3) have been observed in subtropical and midlatitude stratocumulus [Hindman et al., 1994;
Boers et al., 1998], in cold air outbreaks [Field et al., 2014] and in the high Arctic [Mauritsen et al., 2011]. Twomey
and Wojciechowski [1969] examined a large amount of aircraft-derived CCN data over the remote oceans and
found a typical timescale of 3 days for the relaxation of the CCN population to the low values typical of remote
marine air, and Goren and Rosenfeld [2015] provide a recent detailed satellite case study of the transition from
a continental to a marine air mass over the eastern Atlantic showing how the cloud droplet concentration Nd

decreases in low clouds advecting from the continent due to coalescence scavenging.

In this study, we take advantage of a long, continuous record (20 months) of CCN and other aerosol and cloud
data sets at a remote North Atlantic island site that straddles the boundary between the subtropics and the
midlatitudes. We focus on exploration of the meteorological and cloud conditions associated with low NCCN

events at the site. Section 2 describes the data sets to be used and the methodology for case selection. Section
3 presents a composite analysis of meteorological conditions for the low-NCCN cases, and section 4 provides
an analysis of the multiday Lagrangian history of low NCCN air masses reaching the site. Section 5 discusses
potential mechanisms for low-CCN events, section 6 introduces a conceptual model, and section 7 provides
conclusions and suggestions for further study.

2. Data and Methodology

At the core of this analysis are data from the 20 month Clouds, Aerosol, and Precipitation in the Marine Bound-
ary Layer (CAP-MBL) field deployment of the ARM Mobile Facility (AMF) on Graciosa Island in the Azores [Wood
et al., 2015]. The facility operated from April 2009 until December 2010 and provided a number of important
in situ and surface-based remote sensing observations. Details of the specific data sets used can be found
in section 2.1. In addition to the AMF site products, we use meteorological reanalyses from the ERA-interim
product (described in section 2.2), 8 day back trajectories to provide information on air mass histories
(section 2.3), and satellite data from the MODIS instrument aboard the NASA Aqua and Terra satellites to
provide larger spatial context of the cloud properties (section 2.4).
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Table 1. AMF Instruments and Data Products Used in This Study

Measurement Symbol Instrument/References

Cloud condensation nucleus NCCN CCN counter (DMT Model 1)

number concentration at 7 Roberts and Nenes [2005]

supersaturations S from 0.1 to 1.2%

CN concentration NCN NCN TSI 3010 counter

(all particles larger than 10 nm)

Aerosol dry scattering coefficient 𝜎 TSI 3563 nephelometer

(450, 550, 700 nm)

Near-surface wind speed u10 Propeller/vane (RM Young 05103)

and direction (10 m altitude)

Liquid water path LWP 23.8 and 31.4 GHz microwave radiometers (MWR)

Turner et al. [2007]

Cloud droplet concentration Nd Narrow field of view radiometer and MWR

McComiskey et al. [2009]

Cloud boundaries and types Zenith W-band (95 GHz) ARM cloud radar

from Rémillard et al. [2012] Vaisala ceilometer (CL31)

2.1. AMF Data
The CAP-MBL field deployment of the AMF provided a wealth of data from Graciosa island (39.1∘N, 28.0∘W), a
small island in the Azores archipelago situated in the remote eastern North Atlantic approximately 1600 km
west of Lisbon, Portugal, and roughly 4200 km east of Washington, DC. Table 1 details the measurements and
instruments used in this analysis.

2.1.1. CCN, CN, and Aerosol Scattering
Several in situ aerosol measurements from the AMF Aerosol Observing System (AOS) are used in this study.
The key variable used to define events in this study is the CCN concentration. CCN measurements are made
using a commercially available Droplet Measurement Technologies (DMT) Model 1 CCN counter [Roberts and
Nenes, 2005], which measures the Nd at seven supersaturations S (nominally 0.1, 0.2, 0.4, 0.6, 0.9, 1.1, and 1.2%).
The counter is programmed to step through the different S and varies them by varying the temperature of the
chamber walls, with a complete cycle of all seven S made every 30 min. S is calculated using a heat transfer
and fluid dynamics flow model [Lance et al., 2006]. To ensure the highest quality CCN measurements, we only
include data for those times when the instrument temperature, and hence S, is stable. Stable measurements in
each S step are averaged together to generate one CCN “measurement” at each S approximately every 30 min.
The CCN instrument was serviced and calibrated at the beginning the AMF deployment. During the early part
of the CAP-MBL campaign the CCN counter appeared to function correctly, but during late 2009 and early
2010 it was clear that the CCN counts were decreasing at a rate that seemed suspiciously large. A time series of
monthly mean NCCN (Figure 1) indicates that NCCN began to decrease after September 2009 and continued to
decrease until the problem was noticed in June 2010, after which the CCN instrument was thoroughly serviced
and calibrated and the concentrations returned to values typical of the same time during the previous year.
Because the decline was gradual, the problem was not identified for several months. Despite this, an approach
was developed to correct the CCN data using the CN counter as a reference. This correction is described in
Appendix A, and only corrected CCN data are used in this study.

In addition to NCCN, we use CN concentration NCN measurements from a TSI 3010 model collocated with the
CCN counter that provides the concentration of all particles greater than approximately 10 nm in diameter.
We also use in situ aerosol scattering measurements from the AOS nephelometer system, which is collocated
with the CCN counter and measures total dry aerosol scattering at three wavelengths. In this study, we use
the submicron and sub-10 μm (total) aerosol scattering coefficient at 450, 550, and 700 nm wavelength.

2.1.2. Surface Wind and Cloud Measurements
Surface wind direction and speed measurements are made at an altitude of 10 m above ground at the Graciosa
site using an RM Young propeller and vane anemometer system (Table 1). We use these data to contrast the
wind speed and direction for low NCCN events with those for non-low NCCN conditions.
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Figure 1. (a) Time series of monthly mean particle concentrations from the CCN counter (symbols), for five different
supersaturations, with different symbols indicating different supersaturations listed in Figure 1a immediately to the left
of the symbols. Monthly mean NCN is shown as the solid line. Prior to construction of monthly mean values, to avoid
contamination by local pollution, individual measurements (typically 4 min for a CCN measurement at a single
supersaturation) that have high concentration variance are screened out by removing cases where the relative standard
deviation (standard deviation/mean) exceeds unity. The period where the CCN counter was degraded is shown in gray.
(b) CCN concentrations after the correction procedure has been applied. NCN is also shown as in Figure 1a. Also shown
in Figure 1b is a time series of the monthly median submicron blue (450 nm) aerosol scattering coefficient.

In this study, we use surface remotely sensed LWP retrievals based on the algorithm developed by Turner et al.
[2007] that uses the 23.8 and 31.4 GHz channels from the passive microwave radiometer (MWR) situated at
the Graciosa site. The LWP retrievals used are from the entire deployment, and have a time interval that is
typically 20–30 s. In this study, we use the LWP retrievals to produce a comparison of the PDFs for low NCCN

events with those at other times.

Cloud boundaries and types are taken from the hour cloud product described in Rémillard et al. [2012]. Cloud
types are based on data from the zenith pointing ARM W-band (95 GHz) cloud radar and a Vaisala lidar
ceilometer (model CT25K prior to mid-July 2010, and a model CL31 after that). In this study we use the occur-
rence of four basic cloud types: high clouds with bases above 7 km; midlevel cloud layers with bases at
altitudes of 3–7 km; low-level clouds with bases and tops below 3 km; deep boundary layer clouds, with bases
below 3 km but cloud tops above 3 km [see Rémillard et al., 2012, Table 2].

2.2. Meteorological Analyses
Horizontal wind, pressure, and temperature fields from the ERA-Interim reanalysis [Dee et al., 2011] are used
to assess aspects of the large-scale meteorological fields associated with low-CCN events. In this study we
use reanalysis fields every 6 h (at 00, 06, 12, and 18 UTC). Note that at the Azores, local and UTC time are
within an hour of each other (local time = UTC −1 h). Reanalyses are used to illustrate individual events and to
create composite fields for all low-CCN events, allowing us to contrast the composite meteorology with the
seasonally varying mean meteorology. Anomalies for an instantaneous meteorological field are determined
by subtracting a 30-day centered running mean field. These allow us to better isolate the synoptic meteoro-
logical differences associated with low-CCN events; without taking anomalies, because low-CCN events tend
to occur during certain seasons, composites of absolute rather than anomaly fields may reflect the seasonal
cycle rather than the key synoptic meteorology.
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Using the ERA-Interim reanalyses, we also calculate the marine cold air outbreak (MCAO) index 𝜇 defined in
Kolstad and Bracegirdle [2007] and Kolstad et al. [2009] as

𝜇 =
𝜃SST − 𝜃700

p0 − p700
(1)

where 𝜃SST is the potential temperature derived from the sea surface temperature (SST), 𝜃700 is the potential
temperature at 700 hPa altitude, p0 is the sea level pressure, and p700 = 700 hPa. The MCAO index defined in
(1) is calculated every 6 h at the times that ERA-Interim data are available. Larger values of 𝜇 indicate weaker
lower tropospheric stability, consistent with cold lower tropospheric air overlying a warmer surface. Positive
values of 𝜇 are often taken as being indicative of cold air outbreak conditions [Kolstad et al., 2009].

2.3. Trajectories
Three-dimensional 8 day back trajectories were computed 4 times daily for the entire AMF deployment using
the full 3-D NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) trajectory model [Draxier
and Hess, 1998]. Back trajectories end at 500 m above sea level at Graciosa at 03, 09, 15, and 21 UTC, i.e., at
the midpoint of each 6 h period used to aggregate the CCN data (see section 3 below) and are constructed
for every 6 h period during the deployment. The trajectories are driven by the National Centers for Environ-
mental Prediction Global Data Assimilation reanalysis product at 1 × 1∘ resolution [Kalnay et al., 1996]. Back
trajectories provide a more comprehensive understanding of the air masses along their path to the Azores.
Meteorological analysis data, especially the MCAO index (section 2.2), are also interpolated onto the tra-
jectories as a function of time to provide a time history of the Lagrangian evolution of meteorology along
trajectories.

2.4. Satellite Data Sets
Satellite data are taken from the Moderate Resolution Imaging Spectroradiometer (MODIS) on both the NASA
Aqua and Terra satellites, which pass over Graciosa at approximately 10:30 A.M. and 1:30 P.M. local time. Only
daytime data are used. We use daily level 3 products [Oreopoulos, 2005] for each satellite, which aggregate
MODIS collection 5 retrievals of LWP and effective radius for liquid-topped cloud [King et al., 1997] to a 1×1∘

spatial grid. These products are then used to compute droplet number concentration Nd at 1×1∘ applying
the method of Boers et al. [2006] and Bennartz [2007], with assumptions detailed in appendix A of Grosvenor
and Wood [2014]. To mitigate known problems with retrievals in broken or ice cloud conditions, Nd data are
accepted only for those 1×1∘ boxes where the total cloud fraction is equal to the single layer liquid cloud
fraction and exceeds 60%.

We then spatiotemporally colocate the MODIS level 3 data with the back trajectory locations (section 2.3) to
produce a sparse time series of MODIS-retrieved properties along the path of each trajectory. To constitute a
match in time and space between the satellite data and trajectories, we search for available MODIS data within
a 3 × 3∘ box around the trajectory location at the times of the MODIS overpasses. Any level 3 box within this
range is considered to be associated with the trajectory. The resulting MODIS time series are composited as
a function of time prior to the air mass arrival at Graciosa, and this compositing is carried out separately for
trajectories that end at Graciosa during low NCCN and non-low NCCN events, which allows us to contrast the
liquid cloud property histories for these subsets.

3. Composite Analysis of Low-CCN Events

In this section we define the low-CCN events and then composite these events to identify meteorolog-
ical properties associated with the events. We compare the composite meteorology with all the data to
understand differences between low-CCN events and non-low-CCN cases. To define low-CCN events, we first
average NCCN for Ss from 0.0 to 0.15% over 6 h periods (0–6, 6–12, 12–18, and 18–24 UTC). Most of the mea-
surements in this 0.0–0.15% S range are made at an S close to 0.1% (95% of the individual S values range
from 0.11 to 0.125%). This 6 h mean time series we term NCCN,0.1%. Any given 6 h period is defined to be a
low-CCN event if NCCN,0.1% <20 cm−3. We use 6 h periods as this is sufficiently long to provide a characteriza-
tion of NCCN in an air mass, while being short enough to capture variations in air mass properties. Using this
definition, we identify a total of 47 low-CCN events. These events constitute approximately 2% of the total
number of 6 h periods (of which there are 2262 with CCN data and 223 periods with missing data). Of the
47 low-CCN periods identified, 22 are isolated 6 h periods, 8 consist of two consecutive 6 h periods, and 3
consist of three consecutive 6 h periods. The distribution of NCCN measurements (taken approximately every
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Figure 2. Box-whisker plots showing the distribution of all CCN measurements (not simply 6 h means) at S = 0.1% for
the (left) non-low and (right) low-CCN events during the entire deployment. Boxes show 25th, 50th (red line), and 75th
percentiles, and whiskers reach out to show the 5th and 95th percentiles.

30 min as described in section 2.1.1) at 0.1% S during low-CCN events is contrasted with the distributions for
non-low-CCN events (Figure 2). The median NCCN,0.1% is approximately a factor of 4 higher during non-low-CCN
events than during low-CCN events. We choose to focus on a relatively small set of 33 extreme events here to
provide a manageable set of cases that can be explored both individually and statistically.

Low-CCN events were much more common during winter (December-January-February, DJF) and spring
(March-April-May, MAM) than during summer (June-July-August, JJA) and autumn (September-October-
November, SON) as shown in Figure 3. Almost three quarters of the low-CCN events during the deployment
occurred during winter and spring, despite the lower availability of data from these seasons due to the deploy-
ment not sampling a complete 2 year period. Factoring out the greater data availability in some seasons,
it is 3 to 4 times more likely for a low-CCN event to occur during winter and spring than it is during sum-
mer and autumn (Figure 3). This preference for winter and spring did not simply track the seasonal mean (or
median) NCCN, which did not vary particularly strongly across seasons. Median CCN concentrations NCCN,0.1%

for all data are 60, 78, 80, and 79 cm−3 for DJF, MAM, JJA, and SON, respectively. So although median win-
tertime NCCN,0.1% was lower than it was during other seasons, springtime median NCCN,0.1% was as high as the
medians for summer and autumn. This finding is reconciled because the spread of NCCN during spring is larger
than that during summer and fall, allowing there to be more low-CCN events without a major change in the
median concentration.

Figure 3. Winter and spring are the dominant seasons for low-CCN events at Graciosa. The figure shows the frequency
of occurrence of low-CCN events (number of 6 h events/number of available 6 h periods) by season (blue bars, left axis)
and the total number of 6 h time periods of available data for each season (black circles, right axis).
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Figure 4. Aerosol scattering is reduced during low-CCN cases both for submicron and sub-10 μm particles. Monthly mean climatology (Jan=1, Dec=12) of
(a) submicron and (b) total (sub-10 μm) aerosol scattering coefficient at 550 nm wavelength for low-CCN cases (green box-whiskers) and for non-low-CCN
cases (blue). Boxes show 25th, 50th (line), and 75th percentiles, and whiskers reach out to show the 5th and 95th percentiles.

After dividing the 6 h periods into two categories (low-CCN events and non-low-CCN periods) we examine a
variety of in situ and large-scale meteorological variables and examine any clear differences that exist between
the subsets.

3.1. Aerosol Scattering
As with the CCN data, mean submicron dry scattering coefficient at 550 nm is determined for the same 6 h
periods, and these are composited for low-CCN and non-low-CCN events. Figure 4 shows monthly mean
aerosol scattering coefficients for the low and non-low-CCN cases, clearly demonstrating a major and sys-
tematic reduction in both fine and coarse mode aerosol scattering during low-CCN events in all months. The
relative reduction of aerosol scattering during low-CCN events (compared with non-low-CCN events) appears
to be roughly proportional to the reduction in NCCN itself and is not strongly wavelength dependent (Figure 5).
Median scattering is approximately a factor of 3 to 4 lower during low-CCN events than for non-low events,
which is close to the factor of 4 difference in NCCN,0.1% (Figure 2). The similar relative suppressions of scattering
and NCCN,0.1% during low-CCN events is consistent with the general relationship between dry scattering and
NCCN observed at a number of different continental and marine sites [Jefferson, 2010; Shinozuka et al., 2015].

Aerosol scattering is often used as a proxy for NCCN [e.g., Shinozuka et al., 2015]. We conducted tests to explore
the use of the submicron dry scattering coefficient at 450 nm wavelength (𝜎450,sub) as an alternative approach
to define “low-scattering” events in place of the CCN observations. Scattering and NCCN are well correlated.
The correlation coefficient r between 6 h mean 𝜎450,sub and NCCN is r = 0.76 (S = 0.1%) and r = 0.71 (S = 0.4%).
Defining low-scattering events as those with 6 h mean 𝜎450,sub < 1.5 (Mm)−1, we identify a similar number of
events (53 total). Of these events, 20 of them are identical periods to those identified as low-CCN events, and a
further 13 are periods that adjoin low-CCN periods. As with low-CCN events, low-scattering events occur most
frequently in winter. The largest difference in the seasonality occurred in spring, during which time there were
few low-scattering events but a considerable number of low-CCN events (not shown). We note that spring
2010 is when the correction made to CCN concentrations was the largest (see Appendix A), and so differ-
ences may reflect lingering issues with the CCN data or may reflect physical differences between scattering
and NCCN. Comparisons of meteorological data show that low-scattering events had similar wind roses and
meteorological composite fields to those derived from low-CCN events (not shown). The findings are also not
strongly sensitive to the choice of S used for the CCN measurement. Thus, the key conclusions of this study
are largely robust to the specific choice of aerosol data used to define events.

3.2. Meteorology
In this section we examine two meteorological components; surface winds and sea level pressure. These pro-
vide some preliminary insight into the history and path of the air masses prior to reaching the Azores. Surface
winds and mean sea level pressure are analyzed using both in situ observations as well as model reanalysis
data to provide a large-scale picture of these variables.
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Figure 5. Aerosol scattering is reduced for low-CCN at all wavelengths and for both submicron and sub-10 μm particles. Figure shows box-whisker histograms
(see caption for Figure 2) for low-CCN events (right bars in each panel) and for non-low-CCN events (left bars). (a–c) For submicron scattering and (d–f ) for
sub-10 μm scattering. Each column of panels shows a different wavelength: 450 nm (Figures 5a and 5d), 550 nm (Figures 5b and 5e), and 700 nm (Figures 5c
and 5f ).

Figure 6. Low-CCN cases tend to occur during conditions of weak southerly surface winds. Surface wind rose PDFs for (left) non-low-CCN and (right) low-CCN
events. The length of the radial bars is the relative frequency of winds of a given direction, and the colors indicate the frequency of different wind speeds.
The distribution of wind speed and direction is markedly different for the low-CCN events.
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Figure 7. Composite mean sea level pressure (MSLP) for low-CCN events (a) 72 h, (b) 48 h, (c) 24 h prior to, and (d) at the start of low-CCN events at Graciosa. The
location of Graciosa is marked as GRW. Mean barbs are also shown with mean wind speeds in knots (full barb = 10 kt; half barb = 5 kt).

One of the clearest examples of meteorological differences between low-CCN events and non-low-CCN cases
at Graciosa is in the surface (10 m) winds (Figure 6). Surface winds during low-CCN events are consider-
ably weaker and more southerly than at most other times. The median wind speed during low-CCN events
was 3 m s−1 compared with almost 5 m s−1 for non-low events. The low wind speeds during low-CCN events
would be associated with weaker sea spray particle fluxes [Lewis and Schwartz, 2004], and this may help explain
why the total aerosol scattering, with a significant contribution from the coarse mode, was also lower dur-
ing these periods. However, the clear distinction in wind direction suggests that air mass history may also be
relevant. We return to the possible mechanisms causing low-CCN events in section 5.

To further assess the large-scale meteorological conditions associated with low-CCN events, we composite
ERA-Interim reanalysis surface winds and mean sea level pressure (MSLP) fields for low-CCN events (Figure 7).
At the start of low-CCN events (Figure 7d), Graciosa was typically situated under conditions of large-scale
southerly flow, a picture consistent with the wind roses (Figure 6). However, the SLP anomalies at the times
of the events alone present a misleading idea of the air mass origins. For several days prior to the low-CCN
events, the average flow tends to be quite zonal (Figures 7a–7c), with a broad area of low pressure from 40
to 55∘N and from 30 to 70∘W. During the winter months, air flowing off the North American continent will be
cold and will therefore likely experience strong surface temperature increases as it flows over the relatively
warmer water of the North Atlantic.

However, because low-CCN events tend to occur more frequently during certain seasons (Figure 3), the abso-
lute MSLP composite maps potentially alias in the large-scale seasonal variability and may not reflect synoptic
events. Thus, we also examine composite differences (low-CCN events/non-low-CCN cases) with the seasonal
cycle removed (see section 2.2). Figure 8 shows that at the start of the low-CCN events, on average there was an
anomalous surface low center to the northwest of Graciosa and a high-pressure center to the east and north.
The anomalously low surface pressure also extended down the entire North American eastern seaboard. The
SLP anomalies prior to the low-CCN events (Figures 8a–8c) were generally smaller in magnitude and spatial
scale and did not persist from day to day, other than anomalously low pressure consistently along the eastern
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Figure 8. Composite difference in SLP anomalies (30 day running mean SLP removed) between low-CCN events and non-low-CCN cases. The panels show the
anomalies (a) 72 h, (b) 48 h, and (c) 24 h prior to the low-CCN events at Graciosa and (d) during the low-CCN events. SLP fields for the low-CCN cases are taken
from the beginning of the 6 h period of the event. The location of Graciosa is marked as GRW.

seaboard of North America. This indicates that the absolute MSLP composite maps (Figure 7) provide a
reasonable assessment of the mean synoptic flow during low-CCN events.

3.3. Cloud Properties
We examine some of the major cloud properties associated with low-CCN events at the Graciosa site. There
is little to distinguish distributions of LWP during low-CCN events from distributions at other times (Figure 9),
suggesting that cloud differences local to the island and during the events themselves may not play a sig-
nificant role in driving low-CCN events. Distributions of LWP for different seasons show some differences
between low and non-low-CCN events, but there is no systematic difference across seasons, indicating no
clear association between local LWP at Graciosa and the occurrence of low-CCN events (Figure 9).

Cloud fraction histograms observed from the ground at Graciosa for low-CCN events are contrasted with those
for non-low-CCN cases in Figure 10. Hourly cloud fraction histograms are shown for the four cloud types (see
section 2.1.2) and for the overall cloud cover (Figures 10e and 10j). Statistically, both low and non-low-CCN
events show similar distributions of cloud cover for various cloud types, but there are some differences. There
is a somewhat lower fraction of exclusively boundary layer clouds at Graciosa during low-CCN events, but
there is a higher fraction of deep boundary layer clouds, midlevel clouds, and cirrus, all of which are associated
with frontal systems in this region. This seems consistent with there generally being a low pressure situated
to the north and west of Graciosa during low-CCN events.

Although the contrasts between cloud macrophysical variables at Graciosa during low-CCN events and other
times is muted, Nd from the NDROP data product [Riihimaki et al., 2014; McComiskey et al., 2009] measured from
surface remote sensing over Graciosa (Figure 11) are markedly lower during low-CCN events than at other
times. During low-CCN events, there is only a 5% chance that the 6 h median Nd will exceed 100 cm−3, whereas
a high Nd tail extends to almost 400 cm−3 at other times. The median Nd during low-CCN events is approxi-
mately 3 times lower than at other times, consistent with the ratio of NCCN (Figure 2). This is consistent with
there being a sizeable Twomey effect associated with the contrast between periods of low and non-low CCN.
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Figure 9. LWP distributions (units g m−2) from the ground-based MWR at Graciosa for low-CCN cases (solid green
box-whiskers) and for non-low-CCN cases (open blue box-whiskers), broken down by season.

4. Back Trajectory and Collocated Satellite Analysis

As described in section 2.3, three-dimensional Lagrangian back trajectories are produced for each 6 h period
during the deployment. MODIS cloud LWP and Nd estimates are associated with these trajectories (see
section 2.4), and composites for low-CCN events and non-low-CCN events are produced as a function of time
prior to the trajectory arrival at Graciosa. Because the Terra and Aqua overpass times are quite close, we
average trajectory-associated data from Terra and Aqua during the same day.

Figure 10. Cloud fraction histograms for different cloud types and total cloud fraction (a–e) during low-CCN events and (f–j) for non-low-CCN cases. The cloud
types are from Rémillard et al. [2012] and are described in section 2.1.2. Each panel also shows the fraction of each cloud type observed. Note that the sum of
cloud fractions over each type is greater than the overall cloud fraction because more than one cloud type can be present at the same time.
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Figure 11. Box-whisker plots showing the distribution of 6 h median surface-derived Nd measurements at Graciosa for
the (left) non-low and (right) low-CCN events during the entire deployment. Boxes show 25th, 50th (red line), and 75th
percentiles, and whiskers reach out to show the 5th and 95th percentiles.

Before examining satellite composites, we first show trajectories ending at Graciosa overlaid on MSLP maps
at the start of all low-CCN events (Figure 12). Many, but not all, of the events have a significant zonal (westerly)
component, consistent with the evolution of MSLP discussed in section 3.2 (Figure 7). Many trajectories move
off the North American continent and pass over the Labrador Sea area, and as many of these cases occur
during the winter and spring, one would expect many of them to be associated with cold air outbreaks. This is
indeed borne out with MCAO index (𝜇, equation (1)) statistics. To assess whether a given back trajectory passes
through a cold air outbreak region at some point, we take the upper 90th percentile of𝜇 along each trajectory,
and then examine histograms of this 90th percentile value for low-CCN events and other cases. Taking simply
the maximum value produces similar results. Values of 𝜇 close to zero are indicative of cold air outbreaks over
water, and these are more than twice as commonly seen along low-CCN event back trajectories than in other
cases (Figure 13). Not all low-CCN event back trajectories are associated with cold air outbreaks, and so it is
important to not overstate the importance of cold air outbreaks, yet there is an interesting association that
warrants closer inspection.

The composite evolution of Nd for air masses reaching Graciosa during low-CCN events is contrasted with
the behavior for non-low-CCN cases (Figure 14), showing that the Nd distributions during low-CCN events
differ quite strongly in the few days running up to the trajectory arrival at Graciosa (rightmost green bars in
Figure 14). Lower Nd values are expected during low-CCN events because previous observations have demon-
strated that Nd in the MBL is limited by CCN availability, particularly under low-CCN conditions [e.g., Martin
et al., 1994; Ramanathan, 2001; Hudson et al., 2010; Painemal and Zuidema, 2013]. In the non-low-CCN trajec-
tory ensemble, the 50th percentile of Nd values in the 24 h period prior to arrival at Graciosa is 50 cm−3, but
it is 25 cm−3 for the low-CCN cases, with each Nd distribution shifted to lower values. What is perhaps surpris-
ing is that these differences in the Nd distributions are in place up to 4 days prior to arrival at Graciosa. Prior to
4 days, the distributions become more alike and are statistically indistinguishable. In other words, the diver-
gence in Nd distributions begins several days prior to arrival at Graciosa. This finding generally supports the
idea that the processes controlling the formation of low-CCN events are generally not local to Graciosa, but
appear to be set in play by events occurring several days earlier. It is also interesting to note that the time evo-
lution of Nd over the 4 days prior to arrival shows that Nd is decreasing for both low-CCN event trajectories
and non-low-CCN cases (Figure 14), suggesting that there is a general reduction of Nd regardless of whether
a trajectory becomes a low-CCN event or not. We discuss this further in section 5.

To gain further insight into the divergence of Nd distributions for low-CCN events over the days prior to arrival
at Graciosa, Figure 15 shows the corresponding time evolution of cloud LWP (for liquid clouds) along the
trajectories. Consistent with there being little difference in LWP distributions observed at Graciosa between
low-CCN and non-low-CCN events (Figure 9), the MODIS-derived LWP values in the 24 h prior to trajectory
arrival at Graciosa also show little difference (Figure 15). However, 2–4 days before arrival, LWPs for low-CCN
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Figure 12. Maps of MSLP (colors) for all low-CCN events at Graciosa (star) at the event start time, with their respective 148 h back trajectories overlaid.

events tend to be∼30% greater than those for non-low-CCN cases. These high LWP values occur as the relative
divergence in Nd distributions ((non-low minus low)/non-low) is increasing from ∼0.3 to >0.4 (Figure 14).

Examination of the individual back trajectories reveals that several low-CCN event trajectories are associated
with either marine or continental cold air outbreaks (Figure 12). An example of such a case can be seen in
Figure 16. This particular event encapsulates several of the typical features seen for low-CCN events deter-
mined in previous sections. First, the trajectory shows southerly flow as the air mass reaches the Graciosa
(Figure 16, right column), consistent with surface wind data (Figure 6). Second, a low pressure center is located
to the west of Graciosa at this time, consistent with the average behavior for low-CCN events (Figure 7).
The low-pressure cyclonic system results in a turning of the winds to southerly during the final few hours
prior to arrival at Graciosa. Prior to this, the trajectory spends 4 days moving from the north and west (see
Figure 16, middle column) as part of a cold air outbreak emerging over the Labrador Sea between Greenland
and Canada, as indicated by the MCAO index (section 2.2), which is positive (Figures 16, left column and 16,
middle column). Between 13 and 15 December, i.e., 2–4 days prior to arrival at Graciosa, the cloud field at
the trajectory location changes from overcast shallow stratocumulus clouds that extend over a broad region

WOOD ET AL. LOW-CCN AIR MASSES AT THE AZORES 1215



Journal of Geophysical Research: Atmospheres 10.1002/2016JD025557

Figure 13. Trajectories resulting in low-CCN events at Graciosa tend to have encountered cold air outbreaks more
frequently. Figure shows histograms of the upper 90th percentile of the MCAO index (𝜇, see equation (1)) along each
back trajectory, for low-CCN cases (solid green) and for non-low-CCN cases (open blue).

to the east of Labrador to open mesoscale cellular convection. Observations and modeling have shown that
transitions from closed to open cellular convection in the tropics/subtropics are driven by strong drizzle that
reaches the surface [Mechem and Kogan, 2003; Stevens et al., 2005; Savic-Jovcic and Stevens, 2008; Wang and
Feingold, 2009] and are associated with large depletions of CCN through coalescence scavenging [Sharon et al.,
2006; Terai et al., 2014; Wang et al., 2010; Wood et al., 2011; Berner et al., 2013]. In midlatitude cold air outbreaks,
similarly high LWP and low Nd are found [Field et al., 2014], suggesting that similar processes may be working
to deplete CCN.

5. Mechanisms for CCN Depletion

Based on the various observations presented above, it is clear that an explanation of the mechanisms behind
low-CCN events at Graciosa requires understanding the evolution of the boundary layer aerosol budget in air

Figure 14. Composite behavior of MODIS-derived cloud droplet number concentration Nd taken from the ensemble of
low-CCN (solid green box-whiskers) and non-low-CCN cases (open blue box-whiskers) as a function of time before
reaching Graciosa. Box-whiskers show 25th, 50th, 75th percentiles (box), and 5th/95th percentiles of Nd (whiskers) from
all the collocated satellite overpasses crossing the back trajectories. Fractional reductions of Nd for low-CCN events
compared with non-low-CCN cases are 0.32, 0.33, 0.35, 0.40, and 0.46, respectively, for the 5 days prior to arrival.
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Figure 15. Composite behavior of MODIS-derived cloud LWP taken from the ensemble of low-CCN (solid green
box-whiskers) and non-low-CCN cases (open blue box-whiskers) as a function of time before reaching Graciosa.
Box-whiskers show 25th, 50th, 75th percentiles (box), and 5th/95th percentiles of Nd (whiskers) from all the collocated
satellite overpasses crossing the back trajectories.

masses over several days prior to arriving at the island. In this section, we explore possible mechanisms to
help explain the low-CCN events. Quantifying terms in the CCN budget is challenging because of the com-
plexity of aerosol sources and sinks in the MBL [Fitzgerald, 1991; O’Dowd et al., 1997; Quinn and Bates, 2011;
Hudson et al., 2015]. Nevertheless, we are able to use observations here to estimate some of the key source and
sink terms.

5.1. Aerosol Sinks
CCN in the MBL are lost through precipitation processes and through dry deposition, the latter of which has
been shown to be generally much smaller than the former [Wood et al., 2012]. In the cloudy MBL, and espe-
cially during the transition from closed to open mesoscale cellular convection, coalescence scavenging is the
dominant CCN sink [Berner et al., 2013]. We focus first on the shift in the Nd distributions to lower values sev-
eral days upstream of Graciosa (Figure 14) and ask if this divergence can be caused by the higher values of
LWP at that time. We focus on the period 48–96 h prior to trajectory arrival at Graciosa and use the expres-
sion for loss rates discussed above in the introduction that relates MBL-averaged CCN loss rates to cloud
thickness [Wood, 2006, equation (18)]. Assuming an adiabatic relationship between cloud thickness and LWP
[Albrecht et al., 1990], we use a cloud top temperature of 275 K and pressure of 850 hPa to estimate the adia-
batic increase of LWC with altitude in cloud. We also assume an MBL depth of 1500 m consistent with mean
values over midlatitude oceans [Rémillard et al., 2012; Chan and Wood, 2013]. The low-CCN trajectory set has a
median LWP (MODIS) that is approximately 20–30% higher than that for non-low-CCN cases (Figure 15), but
the more skewed LWP distribution to higher values may also be important. To address this, we use the entire
LWP distribution in Figure 15 for 48–96 h prior to arrival at Graciosa to estimate the mean MBL CCN loss rates
and find that for the low-CCN trajectory set the mean loss rate is 55 cm−3 d−1 compared to 35 cm−3 d−1 for
the non-low-CCN set. Loss rates for other composite trajectory days are not markedly different for low and
non-low-CCN events and are in the range 30–40 cm−3 d−1.

Assuming that the difference of ∼20 cm−3 d−1 in the mean loss rates for low and non-low-CCN trajectories
is applicable to the entire 2 day period and that source rates are similar for the two trajectory sets, we can
estimate that it would cause the mean Nd values for the low-CCN event trajectories to be reduced by several
tens of cm−3 compared with the non-low-CCN trajectories. Indeed, Figure 14 does show that a differential of
this magnitude is evident in the Nd distributions during and after this period. Although this calculation is not
definitive, it does hint at possible cause of removal of CCN from coalescence scavenging in anomalously thick
liquid clouds that are associated with cold air outbreaks.
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Figure 16. (top row) Evolution of cloud (thermal infrared GOES imagery with light colors representing cold clouds), (middle row) mean sea level pressure and
wind barbs (knots for wind speeds using standard meteorological convention), and (bottom row) a marine cold air outbreak (MCAO) index (with values close to
zero and above indicative of cold air outbreaks, see text) for a cold air outbreak case resulting in a low-CCN event at Graciosa on 17 December 2009 that lasted
from 00 UTC to 12 UTC. The panels show data at (left column) 85, (middle column) 43, and (right column) 7 h prior to trajectory arrival during the middle of the
low-CCN event at Graciosa. The trajectory is shown in each panel, with the circle at its end location at the corresponding time.

5.2. Aerosol Sources
Two of the main aerosol sources in the MBL are (a) particles derived from the ocean and (b) entrainment of
particles from the free troposphere [Capaldo et al., 1999; Katoshevski et al., 1999; Clarke et al., 2006; Wood et al.,
2012; Clarke et al., 2013]. New particle formation in the MBL is thought to be less important overall, although
there appear to be occasions where it does occur [Tomlinson et al., 2007], and modeling work suggests the
possibility of new particle formation constituting a significant source of CCN during conditions of ultralow
CCN [Kazil et al., 2011] in pockets of open cells. We have no means to estimate the rate of new CCN production
from new particle formation, but sea spray particle formation is wind speed dependent and can be estimated
using previously published formulations. Aqueous phase cloud processing within the MBL can also grow par-
ticles, decreasing their critical supersaturation and effectively serving as a source of CCN at low S [e.g., Hudson
et al., 2015], but the rate at which this occurs is contingent on the availability of sulfate (and possibly organic)
sources and is difficult to model in a simple framework.

The entrainment rate of air from the free troposphere (FT) depends upon many factors [see, e.g., Wood, 2012;
Clarke et al., 2013]. An estimate of entrainment rate can be made using energy, moisture and mass budgets
[e.g., Caldwell et al., 2005], but satellite observations show that over broad areas of the subtropical and tropical
ocean, the mean entrainment rate only exceeds the mean subsidence rate by ∼30% [Wood and Bretherton,
2004], so reanalysis estimates of subsidence rate should yield an estimate of the entrainment rate better than
a factor of 2, and this approach was used in Wood et al. [2012] to successfully predict Nd gradients over the
southeastern Pacific. We make the same assumption here to estimate mean entrainment rate for the trajec-
tory groups. Mean subsidence rates along the low-CCN and non-low-CCN trajectories are found to be similar
(not shown) and are 2.0–2.5 mm s−1. More uncertain is the concentration of CCN-sized particles in the FT. In
the subtropical and tropical regions, there is sufficient residence time in the FT from new particle formation
in the deep convective detrainment regions of the upper troposphere to allow the establishment of quasi
self-preserving aerosol distributions, and this may limit the spatial and temporal variability of the aerosol size
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distribution by the time parcels reach the lower FT [Raes, 1995]. In the midlatitudes, however, the sources of FT
particles are not as well quantified or understood. Summertime FT NCCN at S = 0.2%, measured in the vicinity
of the Azores are close to 100 cm−3 [Hudson and Xie, 1999], which is similar to FT values over the remote south-
eastern Pacific [Allen et al., 2011], with values at S = 0.1% expected to be slightly lower than this. Such values
are higher than MBL CCN concentrations at Graciosa during low-CCN events (Figure 2) but similar to con-
centrations at other times, implying that entrainment from the FT is likely weakly buffering CCN losses from
coalescence scavenging. Calculations of the replenishment rate from entrainment [see, e.g., Wood et al., 2012]
indicate an upper limit for the buffering of CCN from FT entrainment of approximately 10–15 cm−3 d−1 in the
case that the MBL contains no CCN at all. In actual fact, mean CCN and Nd for both low-CCN events and non-low
cases (e.g., Figure 14) are well above zero, so we estimate mean replenishment rates from entrainment to be
5–10 cm−3 d−1 for low-CCN events and <5 cm−3 d−1 for non-low-CCN cases.

The other key aerosol source in the PBL is from sea spray production, which is surface wind speed dependent.
We use the approach taken in Wood et al. [2012] to estimate surface sea spray production rates based on
Clarke et al. [2006] and surface wind speeds taken from reanalysis data interpolated in time and space onto the
HYSPLIT back trajectories. CCN fluxes at S = 0.1% are estimated assuming that emitted particles are sodium
chloride. Based on this, we obtain a CCN flux rate equal to ṄCCN,0.1% = Fu3.41

10 ∕zi where u10 is the wind speed
at an altitude of 10 m, zi is the PBL depth, and F is an S-dependent function. Based on Figure 1 in Wood et al.
[2012], F = 132 m−3(m s−1)−2.41. As before, we assume zi = 1500 m, so that ṄCCN,0.1% ≈2, 20, and 80 cm−3 d−1

for u10 = 5, 10 and 15 m s−1, respectively. As with the loss rates, we use the PDF of surface wind speeds along
the trajectories to estimate mean CCN sea spray source rates. During the period 48–96 h prior to arrival at
Graciosa, the mean surface values of ṄCCN,0.1% are estimated to be 15–20 cm−3 d−1 with very little difference
between rates for low-CCN and non-low trajectories. A key implication of this is that differences in aerosol
sources are not likely to be responsible for the differential in NCCN (and Nd) between low-CCN events and
non-low-CCN cases.

5.3. Implications for Overall CCN Budget
For non-low-CCN events, the calculations in the previous two subsections for the time period 48–96 h prior
to air mass arrival at Graciosa suggest surface sea spray sources of 15–20 cm−3 d−1, with the mean source rate
from FT entrainment of<5 cm−3 d−1, and precipitation losses of∼35 cm−3 d−1. Assuming these are the primary
terms in the CCN budget, it is reasonable to expect that there would be a slow decline (∼10–15 cm−3 d−1) in
NCCN and Nd over this period. Indeed, this is supported by observations (Figure 14), where median Nd falls by
≈25 cm−3 from 96 to 48 h before arrival. For the low-CCN events, sea spray source rates are estimated to be
similar to those for non-low-CCN cases (15–20 cm−3 d−1), but the sink rate is closer to 55 cm−3 d−1, and the FT
aerosol source is likely to be ∼5–10 cm−3 d−1 because of the greater differential between the concentration
in the FT and the MBL. Thus, for low-CCN events during 48–96 h prior to arrival, we might expect mean overall
CCN loss rates of perhaps 25–35 cm−3 d−1, or approximately double those for non-low-CCN cases. Thus, we
postulate that low-CCN events are driven by stronger coalescence scavenging in high LWP clouds associated
with cold air outbreaks ∼2–4 days upstream of Graciosa.

6. Conceptual Model

In this paper, we have identified a connection between cold air outbreak events and subsequent very low-CCN
concentrations at Graciosa. Not all low-CCN events can be explained in this way, but a significant number of
them can, and so we present Figure 17 as a canonical case and as a means to introduce a conceptual model to
explain how low NCCN in cold air outbreaks are created. Essentially, a deep surface low over the northern North
Atlantic (see Figure 16, left column) moves cold continental and/or polar maritime air from the north and west
over the warmer surface waters of the North Atlantic. The strong surface fluxes encountered as the cold air
streams over warmer waters result initially in overcast stratocumulus clouds in a shallow PBL. Strong surface
driving and also cloud top longwave cooling helps drive turbulent entrainment that rapidly deepens the PBL,
resulting in cloud thickening and corresponding LWP increases. In the case shown in Figure 17, there is a large
region over which the LWP exceeds 500 g m−2, which would remove CCN through coalescence scavenging at
a rate of roughly 500 cm−3 d−1 according to the model used in section 5.1. In the trajectory ensemble mean,
loss rates via coalescence scavenging are clearly lower than this, but we demonstrate that the mean loss rates
are considerably higher for low-CCN events because these trajectories encounter clouds with higher LWP.
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Figure 17. Canonical cold air outbreak case motivating a conceptual model of how precipitating boundary layer clouds
can produce very low CCN concentrations at Graciosa. The main image shows a composite of RGB visible imagery from
three MODIS swaths from the NASA Aqua satellite (∼13:30 h local overpass time) on 5 January 2014 over the North
Atlantic. High liquid water path, shown using LWP retrieved earlier that day (06 h local) from the passive microwave
Special Sensor Microwave Imager (SSMI) instrument on the F17 Defense Meteorological Satellite, is found over a broad
area (red colors indicate LWP in excess of 500 g m−2) prior to the marine stratocumulus cloud breakup into open cells. In
this case, trajectories flowing over Graciosa passed through the region of high LWP 1–2 days prior to arrival. Often, the
location of the polar front (red dashed line) delineates the boundary between the very low-CCN cold, polar flow from
the more CCN-rich subtropical air mass.

The conceptual model encapsulated in Figure 17, and particularly the spatial extent of the cold air outbreak
open cell clouds, suggests that basin-scale CCN variability may be induced by cold air outbreaks and that more
attention should be paid to the causes of CCN variability in the midlatitude marine PBL.

7. Conclusions

In this study, we examine aerosol, cloud and meteorological characteristics of very low-CCN events (6 h mean
NCCN at S = 0.1% below 20 cm−3) occurring at Graciosa Island in the eastern North Atlantic. The various find-
ings from this study were used to propose a conceptual model to explain the occurrence of very low NCCN in
the remote MBL. Table 2 summarizes the key meteorological aspects that differentiate low-CCN events from
non-low-CCN conditions. The association of a number of the low-CCN events with cold air outbreak conditions
upstream is particularly interesting and important, and examining the seasonality of cold air outbreak events
may help to explain the apparent seasonal preference for low-CCN events during winter and spring. Kolstad
et al. [2009] examined the seasonal cycle of the MCAO index (equation (1)) over a broad region of the NW
Atlantic including the Labrador Sea over which a number of the low-CCN event trajectories passed and found
maximum values from December to March, with the seasonality largely driven by colder 700 hPa tempera-
tures during these months. Our analysis of the MCAO index along the back trajectories arriving at Graciosa
(Figure 13) shows that low-CCN event back trajectories are approximately twice as likely to have encountered
a cold air outbreak compared to other cases.

We find that Nd are lower at Graciosa during low-CCN events than at other times, but that the reductions in
Nd that lead to these differences happen several days upstream of Graciosa, often during cold air outbreaks,
where coincident LWP values are anomalously large. Based on this, it is hypothesized here that coalescence
scavenging of cloud droplets during precipitation formation under high LWP conditions associated with cold
air outbreaks may be partly responsible for the shift of the low-CCN event Nd distribution to smaller values
in trajectories that constitute low-CCN events. We hope that our findings and conceptual model can inform
further study of factors controlling aerosol variability at the Azores and over the remote subtropical and
midlatitude oceans in general.
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Table 2. Distinguishing Characteristics of Low-CCN Events

Characteristic Low-CCN Events Non-Low-CCN Conditions

Seasonality Three quarters of events during DJF and MAM Occur all year round

CCN concentrations (0.1%) Median 15 cm−3; 90% from 5 to 25 cm−3 median 80 cm−3; 90% from 25 to 215 cm−3

Aerosol scattering Low values (both submicron and total) Larger and more variable scattering

suppressed in approximate proportion to

NCCN,0.1%

Wind direction (10 m) at Graciosa Most cases from SW through SE. Wide range of directions, many from

SW clockwise through NW

Wind speed (10 m) at Graciosa Median wind speed 3 m s−1 Median wind speed 5 m s−1

Back trajectory history More trajectories experiencing cold air Fewer cold air outbreak encounters

outbreak conditions

Cloud droplet concentration Nd 20–50% lower Nd beginning several days Higher Nd beginning several days

upstream upstream

Liquid water path (LWP) Little difference at Graciosa but large Little difference at Graciosa; upstream

values 2–3 days prior to trajectory arrival at distributions flat.

Graciosa

Appendix A: Corrections to CCN Counter

As mentioned in section 2.1.1, the CCN measurements were found to be problematic for October 2009 to June
2010, and a flow rate correction is described here that uses the CN counter as a reference instrument. Köhler
calculations indicate that a supersaturation S of approximately 1% should be sufficient to activate most sol-
uble particles larger than 20 nm in diameter. Remote marine regions away from sources of significant new
particle formation, observations indicate relatively few particles in the size range 10–20 nm [Heintzenberg
et al., 2000; Allen et al., 2011]. Therefore, we would expect NCCN measured at S ≈ 1% to be close to the concen-
trations from the CN counter. At the beginning of the record (April–September 2009) and after the cleaning
(July–December 2010), this is quite close to what we observe, although the CN counter monthly mean con-
centrations tend to be approximately 20% below those from the CCN counter at S = 1.11% (Figure 1a). Other
than during the problematic period (Oct 2009 to June 2010), the ratio of CN to CCN at S = 1.11% is stable
(compare periods before and after the degraded period in Figure 1a), suggesting that either the CCN counter
or CN counter has a stable systematic bias in measured concentration. In this study, we assume that the CN
counter is correct, although assuming the reverse has no significant impact upon the primary conclusions of
this study.

Importantly, we note that the degradation in concentrations from October 2009 to June 2010 is seen in all
channels (Figure 1). The ratio of NCCN measured at any two supersaturations is stable and shows no sign of
changing during the degradation period (not shown). For example, the ratio of NCCN at 0.1% to that at 1.11%
is 0.19 (with the month to month standard deviation of this ratio of 0.04) during the months of good counter
operation, and 0.17 (SD 0.04) during the degraded months. This indicates that the degradation is affecting
concentrations at all S in the same way, and that a single sample volume correction for one S can be applied to
all S. We apply this correction on a monthly basis by multiplying the monthly mean CCN at S = 1.11% to ensure
equality with the monthly mean NCN (with high variance measurements removed as discussed in the caption
for (Figure 1). The monthly multiplication factors are then applied to concentrations at all supersaturations
during the month. Corrected NCCN is shown in Figure 1b. Although we have no independent means to verify
the accuracy of the corrected concentrations, we note that the seasonal cycle of submicron aerosol scattering
coefficient at 450 nm wavelength tracks quite well the concentrations of particles at the lower S (Figure 1b).
Corrected NCCN are used exclusively in this study.
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